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ABSTRACT

Transport of alkali metal atoms through
porous cathodes of alkali metal thermal-to-electric
converter (AMTEC) eelk$is reaponsl%lefor sjgnifiean~
nxlueiile losses in the electrical pefiormamx of these
cells. ‘S~um4msport has been characterized in a
variety of AMTEC electrodes and several ditTerent
WmspOrtmodes clearly exist.

Free molecular flow is the dominant transport
meehanism in clean porous molybdenum and tungsten
electrodes, and eontriiutes to sodium transport in all
porous electrodes, including WI%, WIWS,and TiN.

Molybdenum and tungsten electrodes
containing phases such as NazMoOo and Na2W04
exhiiit ve~ efficient sodium ion transport through the
electrode in the ionic conducting phase. These
electrodes also show reversible electroehetnical
reaetions ‘in which sodium ions and electrons are
inserted or removed from into phases such as Na2M004
and NazMO@swhich are present in the electrode

WI% and WI@ ektrodes typically exhiiit
both flee molecular flow transport as well as an
enhanced thermally activated transport mode which is
probably surface and/or grain boundaly difihsion of
sodium in the alloy electrode. Data for large area WPt2
electrodes within a cylindrical heat shield are xeported
in this paper. Sodium transport away from these
electrodes is efkcted by both the electrode’sproperties
and the exterior environment which inhibits sodium gas
flow to the eondenser.

Liqyid alloy electrodes have been examined
and have fairly eftkient transport properties by liquid
phase dMhsionj but have genemlly not been cxmsidered

advantageous for development.

Titanium nitride, TiN, electrodes used in
AMTEC cells, and similar ektronieally conducting
reffaeto~ compounds such as Ti& and NbN am always
physkxdly porous to some degree as formed by sputter
deposition or screen printing, and these compounds
sinter quite slowly.Henee free molecular flow is always
a significant sodium transport mode in these electrodes
However, the sodium transport rate computed from the
physical morphology of the electrodes is not as efficient
as actual sodium transport in TiN ektrod~
implicating an enhaneed transport mode, which
remains operational at lower AMTE?C operating
temperatures. Some TiN electrodes also have been
found to exhiiit electrochemical reaetions involving
electrode phases which persist in sodium exposure test
cells at 1223Kjas reported in this paper.

INTRODUCTION

The alkali metal thermal-to-electric converter
(AMTEC) is a high power, high effkieney,
eleetroehemicd concentration cell. It uses sodium as
the working fluid and a porous metal electrode (PME)
on the low pressure side of a beta” ahunina solid
electrolyte (BASE) ceramic across which a high sodium
activity gradient to a liquid sodium or high pressure
gaseous sodium reservoir at T = 900 - 1300K. The
activity gradient is controlled by the deviee’s eunent
density in operation, by electrochemical shunt currents
and leakage, by the mass transport characteristics of the
entire AMTEC cell, and by the eondenser temperature.
In laboratory test cells with small electrodes and non-
optimizcd cell volume, with eondenser T < 600L and
currents -1-2 A/cm2,sodium transport properties of the
PME dominate the interfaekd BASE/PME sodium
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pressure when cell current is not zero. In prototype
AMTECS such as those made by Advanced Modular
Power Systems, Inc., when the cdl is at open circuit the
sodium pressure at the PME is dominated by sodium
gas produced by electrochemical shunts. There is a
significant sodium pressure drop between the PME
exterior and the condenser due to cell geomet3yand heat
shields. This pressure drop contributes to the current
dependent sodium activity at the PMEA3ASE interfaee
in the same manner as do the pxes,wmdrops within the
Pm.

Because AMTEC is a high cumm~ low
voltage devke, all internal losses in the cell must be

. . .
mummzed. This requires a detailed understanding of
how mass transpo~ kinetics, and ohmic resistance
affect the cell’scurrent-voltage curve. The fundamental
principles of the AMTBC cell were descrii in a paper
by Webe~, and an integrat~ quantitative model of
kineties and transport in AMTEC cells was later
developed.= Complete resolution of sodium transport
processes from charge transfer processes is not possiile
in real AMTEC electrode phenome~, very efficient
mass transport away from sites where the charge
tmns&er process is slow does not help electrode
performance, nor does a very effieient charge tram$er
process occuming at a site without an efkctive tmnsport
mode to the electrode exterior. Complete resolution is
possible only if the exchange current and the mass
transport limitations are uniform over all microscopic
area elements of the electrode. However, we routinely
resolve characteristic vah3esof the exchange current (B)
and mass transport or morphology parameter (G),
recognizing that these are weighted values of distributed
characteristics. pretest and post-mortem
characterization of electrodes by scanning electron
microscopy (SEM) energy dispersive spectroscopy
(IDS) and ~my diffraction (XRD) for morphological
and composition evahration of the electrodes allows us
to determine the initial and final properties of the
electrodes in comparison with their performance
evolution, for development of life models.

Sodium transport through ektmdes on the
low pressure side of the AMTEC cell may be
characterized using elcetroehemical impedanee
spectroscopy(EIS) which provide the initial data critical
to development of a quantitative model for the mixed
kineticshmnsport control generally omurring in these
electrodes.2-7EIS has been an important tool in building
a fimdamental, experimentally verified model for the
processes operating in AMTEC electrodes. It also
provides the most thorough characterization of an
electrode, although the transport parameters, as wett as

the exchange current and ohmic resistance, can also be
obtained fmm some high quatity current-voltage me
data. The cell’sohmic resistance is genemlly trated as a
series resistance, without great error, although part of it
is in parallel to some electrochemical impedances.

Even high quality current-voltage curves
obtained under conditions of high ambient sodium
pressure may not allow reliable derivation of G and B
and the cdl’s ohmic resistance. In the limit that the iV
curve becomes a straight line, all three of these terms
will cnntriiute to the slope and witl not be resolved.
Impedanm data under the same cxmditions,measured at
several cell potentials, will allow sepamtion of the
ohmic series resistance from the electrochemical
impedance which eontriiutes only at fkqueneies < 104
Hz. The resistive elements of the electrochemical
impedance are efkctively bypassed by charging of large
parallel capacitances and pseudocapacitanc.esat higher
frequencies.

Tmnsport mechanisms include fke-moleeukr
flow, surface and groin bounday ditlirsion of sodi~
bulk diffirsion of sodium atoms through condensed
phases, and sodium ion conduction with charge transfer
at the cathode exterior fiaee. Bulk @ion of sodium
through liquid alloy electrodes was first obsewed by
reseamhets at Ford; these electrodes were high
petiormak electrodes, but because of issues related to
fabrication and durability they have not been
investigated for prototype cells.8 Later, liquid lead and
tin cathodes were re-xarnined by Fang and Wendt and
were found to have generally very good propentks.g

Free molecular flow dominates in the dc
operation of cl% porous Mo and W electrodes (power
density of 0.5 W/em2 at T2 = 1200K), but surfke
dif?ision plays a more important role in WRh3and WPt2
high performance electrodes (power density of 0.8
W/cm2 at T2 = 1200K).23”G’7The most important
distinction behveen these classes of electrodes was
derived from temperature cycling experiments with Mo
and WRh3 electrodes. Using a tlee-molecular flow
model, the value of G for these electrodes was
determined flom impedanee data. The Mo electrodes
showed little variation in derived vahres of G with
temperature, and these were in ftir agreement with G’s
cakxdated for a somewhat idealized structure based on
the electrode morphology obsetved by SEM. The WRhj
electrodes showed a large, reversible decrease in the G
derived from impedance as temperature increased
These WRh3 eketrock show rather low porosity on
SEM examination, However, some thin (c1.O pm)
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WRhj and WPtz electrodes may exhibit ftirly porous
morphology in SEM and little temperature dependence
of G derived from impedance.

Electrodes containing molybdenum or
tungsten oxides before operation in AlvfI’EC cells
initially show excellent transport due to ionic
conduction of sodium ions through liquid sodium
molybdate or tungstate in the electrode’s pores.4’10’1)
Na2M004 and Na2W04 evaporate in tens to hundreds of
hours at typical AMTEC operating temperatures, In
NazMoO.@lo electrodes the electronically conducting
phase Na2M%O&which is a sodium addition compund
to Mo02, is also stable at lower sodium activities, and
can be slowly converted to Mo and NazMoOd by
addition of more sodiunL or to M@ by removal of
sodium. These conversions suggest that it is a poor
sodium ion conductor. Along with NazMoOd,it may be
responsible for the veV high eflkiency of charge
transfer as well as sodium tmnsport in these
el~~~.~4,*0,11 Ionic ~nduction is also eff..ve in
Me/BASE cermet electrodes, but these have not shown
high power densities reproducibly.

TiN electrodes, and to a laser extent related
electrodes such as TiC, T@, NbN and NbC, have been
extensively tested for AMTEC applications, but their
sodium transport mechanisms mnain poorly
understood.]z-]’ It is known that these electrodes are
quite stable, and offer electrochemical petiormance
which seems incmsistent with a sodhun transport
mechanism depending on h molecular flow. No
activation energies associated with sodium transport in
these ekctrodcs have been reported.

EXPERIMENTAL

Theaekctmde test cell (ETC) and the sodium
exposure test cell (SETC) used by JPL for
characterization of AMTEC electrodes and cells have
km described previously. 2-7 ~

The ETC allows more thorough analysis of the
electrical and electbchemical performance of an
electrode, compared with an AMTEC cell with a single
large area cathode. The ETC has a large number of
electrical fdthroughs into the cell for leads and
sometimes thermocouple to the external PMEs. It has
an unrealistically large condenser to BASE tube surface
ratio compared with prototype AMTEC cells and is
therefore not used for thermal characterization of the
overall AMTEC device. Because it can be used with
several cathcdcs operating independently or in parallel,

the ETC may be used to compare the transport
limitations for single electrodes vs. groups of electrodes
within the same heat shield, allowing separation of
electrode transport limitations from limitations due to
flow past the heat shield.

The sodium exposure test cell, SETC, is
simply an evacuated stainless steel tube with an external
fiunam for temperature control, which has several
insulating electrical fdthroughs, whose insulators
extend far enough into the hot zone of the fiumace to
prevent sodium condensation. Sodium vapor is
provided by a pool of sodium at the cool end of the cell,
which has provision for independent temperature
control using a heating tape, in order to vary the vapor
pressure as required. Electrodes deposited on small
sections of BASE tube, or on other small cwarnic
specimens maybe mounted on an internal support.

This ceU altows long-term exposure tests of
electrodes on BASE in sodium vapor with maximum
convenience, and also ideally permits as complete
characterization of the electrode’s electrochemical and
electrical properties as is possl%le in the ETC, but
genemlly requires a symmetrical pair of electrodes.

RESULTS AND DISCUSSION

Porosity of WI@, WPtZ and TiN electrodes as
determined by post-mortem analysis of electrode
morphology by SEM is not hi~ enough to account for
their favcyable transport performance via_ a ‘fiee-
molecuk flow mechanism alone, in contrast to the
tmnspdfi performance of Mo and W electkxk.

The value” of the dimensionless transport
parameter, G, derived from both impedance data and
current voltage curves is not determined by a frcquency-
dependent fit but rather represents the model dependent
transport contribution to the potentialdependent dc
resistance, indicated by the length of the impedance arc
along the real axis; or the petential dependent slope of
the current voltage cutve.

More information can be obtained fkom a
frequency dependent fit to the impedance &@ such as
the interracial capacitance and the high frequency value
of the charge transfer resistance, but in general
reduction of the transport process to its components has
not km possible. Extinction of the impedance arc due
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Figure 1: Impedance at several different cell potentials for 56 cm2 ~ electrode in AMTEC ETC.

to the transport process alone can be accomplished by
successive subtraction of the series resistance (and
inductance) from the impedance, foltowed by the
sequential subtraction of the parallel interfhcial
capacitance tim the admittances determined after the
first step, and then the genemlized charge t.ran&er
resistance after reconversion to impedamx data.3 The
resulting data which characterize the overall transport
process contain contributions from free-molecular flow
q% surface dillisiom and resorption/ adsorption
P~ within the pores and at the exterior electrode
surface,but cannot be dkctly fit.

Valqes of G for mature Mo, WPtZ,and WIW3
electrodes have been obtained for a large number of
high performance electrodes at a wide range of
operating temperatures in the ETC. Impedance spectra
of a large number of Mo electrodes opemted at almost
all accessible AMTEC conditions yield no clear
temperature dependence of the transport parameter.
Impedance spectm of thin (0.5 ~) Mo electrodes gave
a transport parameter, G, of about 50, which is in
agreement with calculation with respect to a fke
molecular flow - process for the observed
morphology.23’*8

The transport parameter, G, in some WIM3
ekctrodes has showh a strong increase with decreasing
temperature in the temperature range of 730 to 1130K.

This phenomenon is observed at sodium Vapor pmsures
of 0.2 to 4.0 P% and is measured from electrode limiting
current densities of 30 to 1400 A/m2 in the SETC and
fkom WIW3electrodes in the ETC. Some test.. show@ a
limiting value at lower temperatures, indicating that the
transport process does eventually become dominated by
free molecular flow. G’s for WIWS electrodes at
temperatures near 1200K areas low as about 10-15.

WPtz electrodes have not shown clear
activated performance in ETC tests, and in one ETC teat
mature WPt2 electrodes, &r 400 hours above 1100~
had nearly temperature independent G’s from 600 to
900 C, but transport in these electrodes is too efficient to
be purely free molecular flow. The best electrode had a
G of about 30, but if the heat shield effkt is subtraded
the electrode contribution is about 20.

Figure 1 shows impedance spectra as a function of cell
potential for four 14.lcn12 WPt2 electrodes operated in
parallel at an average electrode temperate of about
1130K. The linear slope on the high frequency side of
the arcs indicate transport behavior of a finite Warburg
impedamx, characteristic of a diffhsion prcke.ssthrough
a thin layer. The Warburg impedance does not dominate
the electrochemical inipcdance at “the highe@
frequenck. There the fitite Waiburg is shorted through
its capacitive component but the cliarge transfer
resistance in series with it is still important. The
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Figure 2: Electrode Morphology Parameter, G, vs
Temperature for one 14.1 cm2 WPtZ electrode atler 400
hours.

structure in the impedance arcs near the low tiequeney
intercept is not understood. .

Figure 2 ,shows the value of G, the transport

parameter, derived from impedance spectm taken at
several cell temperatunx for a 14.1 cm2 WPtz ekctrode
after about 400 hours of 1150 K operation.

Figure 3 shows the value of the apparent
charge tram$er resistance, Mm, at 1.45 Volts, for four
14.1 cm2 WPt2 electrodes and combinations of the-se
four electrodes. G’~for the .@ividual electrodes wtye
29,35,40, and 45 ad were about equal to ~m(l.45V)
expressed in Qkm2. All of the electrodes had an open
circuit voltage, E& >1.45 volts, and their temperatures
ranged from 1120K to 1190K. We can not compute a
single valu&l G for an electrode with a large
temperature gradient so the data are presentkd in this
unbiased fashion. me slope, (resistance change)/(area
change), is due primarily to the heafshiel& and the”zkro
area intercept indicates the &m for a large surface area
to edge ratio electrode without a heat shiell since all
electrode groups have te same edge length to area ratio.

There are several sources of evidence that
enhanced transport in TiN electrodes is due to an ionic
conducting, ekctroactive phase within the electrode.
TiN generally exhibits enhancx@ tmnspo~ without
strong temperature aetivatiom and with ,good transport
retained at T as low as, 900K. Some variation’ is
observed in tmnsport enhancement wi& electrode
compodiom even though all ekctnxk contain TiN.

.

80[ .“

—-
0 10 20 30 40 50 60 70

WPt2 electrode area (cm2)

Figure 3: RACT for single 14.1 cmz and combinations of

2,3, and 4 electrodes operated simultaneously.

TiN electrodes have not generally shown clear activated
performance in ETC or SETC tests. AU of the TiN
electrodes which we have examined are too efficient to
be purely* molecular flow electrodes, although they
are always somewhat porous by SEM,

Fresh TiN electrodes occasionally show
exceptionally good petiormance. In one SETC test the
morphologykm.sport parameter G for four ekctmdes
on initial cell warm-up ftom 880K to 1150 K showcxl
G’s from 25 to 70 with no significant temperature
dependence. Another test showed little variation in
limiting currents on initial warm-up from 973K to
1273K. Other TiN electrodes in an SETC showed an
apparent small temperature dependence of transpofi on
cycling fkom 1123K to 873K and back after about 600
hours operation in low pressure sodium vapor at 1123K.

Both some fresh TiN electrodes and electrodes
modified by smhtl air leaks ho the SETC kwe shown
peaks in the current voltage “&ves before the limiting
current is reach~ suggesting insertion of Na+ and e-
into a phase within the electrode. These peaks have
finite capacity in cyclic voltamrnogmm which implies
an ekctmchemieally active phase. A current-voltage
curve for a fresh TiN electrode pair at 1223K is shown
in Figure 4.

Similar, but exaggerated, peaks are seen in
cyclic vohamrnograms following small air leaks into
SETC experiments and these peaks persist for many
hours at 1223K in sodium vapor at less than 10 Pa,
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Figure 4; Cyclic voltammogram from SETC of
Nag~jN/BAS~iN/Nag electrochemical cell.

Facite insertion of Na+into an electroaetivephase in the
TiN electrode suggests the possibility of efkient Na+
ionic transport. Tiv+e peaks are similar to those found
in Na2MoO&o electrodes at lower temperatures, on
the order of 700-1000K.]0 They persist for many hours
in TiN electrodes, even at 1223Kj at sodIum pressures
less than several Pa’

Low ffequency arcs in impedanee spectm with
small associated resistance imply very large associated
capacitance or pseudocapacitanee. These arcs ean be
explained as xesuking from a pseudocapachance
associated with sodium uptaldoss by the electmacdve
phase and a resistance change of the ionic conducting
phase as’ its composition changes. At higher
frequencies, the composition of this phase will only
change very $lose to the three phase interphase Rgion.
However, at low i%quencies: a sodium pre+ure”gradknt
through the whole electrode tickness develops, and the
composition and conductivity of the ion conducting
phase rhay change in response to the gradient.

CONCLUS1ONS

Four modes of sodium transport through
cathodes in AMTEC cells have been obscrwxijand fm
electrodes exhi%itonly one transport mode. The cathode
must have effieient mdium transpom an effkient
electrochemical! charge tier step, andj with the
current collector, low electronic resistance between lead
and the charge transfer reaetion zone.

Multi-phase electrodes may meet these

requirements with separate phases and therefore be
effkient and usefid in AMTEC systems. The Faradaic
potentiat of the AMTEC cdl is directly affected by the
sodium pressure in the charge transfer region through a
Nernstian cxmtribution to the potentiat. The charge
tier region does not distinguish between sodium
prwsure drops in the exterior of the electrode, or
between the electrode exterior and the condenser, as
shown experimentally in this paper.

In the cases of some fksh TiN electrodes and
some WI% electrodes the value of G derived from EIS,
is small and varies little with temperature, but the
physical mo~hology of these electrodes indicate that the
sodium transport process cannot be very efficient fke
molecular flow. We conclude that in the ease of WPt2 a
surface or grain boundary sodium *ion exi* in
pamllel with free molecular flow: partly by analogy
with WRh3. The activation energy for some surke or
grain boundmy diflision processes may be lower in the
case of WPtz, and the parallel free molecular flow
ditfusion may bypass high activation steps. In the case
of TiN, there is electrochemical evidence for an
electroaedve, ionic conducting phase in the electrode,
and its presence explains the efficient transport in these
ekctmcks.
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